Object. The purpose of this study was to examine whether choline acetyltransferase (ChAT) staining can be used for assessing the rate of motor neuron regeneration at an early phase of axon outgrowth.
I
njury to the peripheral nervous system is often followed by poor functional recovery, especially when the injury is inflicted on large nerve trunks like the brachial or lumbar plexus, 1, 5 although peripheral axons have the capacity to regenerate through the injury site toward distal territories. This phenomenon may be due to compromise of motor axon regeneration by chronic distal nerve stump denervation, delayed repair, or prolonged regeneration distance, with the ability for regeneration being progressively impaired with time and/or distance.
5,8,26
Discovering new therapies for accelerating the rate of motor axon growth after peripheral nerve injury is of clinical significance. Accordingly, finding convenient and reliable methods for measuring the rate of motor regeneration is also important.
Immunostaining nerve sections against axon-specific antigens is one of the quantitative methods used to measure axon regeneration. 2, 13, 23, 27, 28, 30 Assessing the rate of motor axon regeneration is usually accomplished through immunostaining facial nerve sections against antigens of calcitonin gene-related peptide (CGRP) and galanin, 28 because these peptides are synthesized in 2 apparently nonoverlapping motoneuron populations 16 and undergo anterograde transport into the axon growth cones. However, this method is not suitable for assessing motor axon regeneration in large nerve trunks such as the brachial or lumbar plexus, although their motor axons also contain galanin or CGRP. 3, 22 Unlike the facial nerve, which is mostly moAssessment of the rate of spinal motor axon regeneration by choline acetyltransferase immunohistochemistry following sciatic nerve crush injury in mice tor, the sciatic nerve is a mixed nerve, composed of both sensory and motor axons. Galanin and CGRP are widely expressed in the sensory nervous system. 21, 29 Thus, when a sciatic nerve is injured, both sensory and motor neurons will regenerate their axons. Because CGRP, galanin, and GAP-43 are expressed by both sensory and motor neurons, immunostaining for these antigens is not suitable for specifically measuring motor axon regeneration in mixed nerves.
Spinal motor neurons use acetylcholine as their neurotransmitter. Choline acetyltransferase (ChAT), the enzyme that synthesizes acetylcholine, is now generally accepted as a definitive marker for normal spinal motor neurons and their axons. 24 However, immunostaining nerves against ChAT is usually used for assessing motor axon regeneration after onset of nerve reinnervation following nerve injury. 4, 12 Assessing the rate of motor axon regeneration at an early stage of axon growth through immunostaining of peripheral nerve sections against ChAT has so far not been established. In this mouse study, we used a sciatic nerve crush model, in which the dorsal root ganglion was also removed, to demonstrate whether ChAT is suitable for assessing short-term motor axon regeneration. We compared immunostaining for ChAT with immunostaining for GAP-43, which can be transported in an anterograde manner into the axon growth cones.
Methods

Animals
Young adult male C57/BL6 mice (2-3 months old) were used in this study. All surgical interventions and subsequent care and treatment procedures were approved by the Committee on the Use of Live Animals for Teaching and Research of the University of Hong Kong.
Lesion Model and Surgical Procedures
The mice were anesthetized with ketamine (80 mg/ kg) and xylazine (8 mg/kg) and placed on the surgical table. The sciatic nerve of the right hind leg was subjected to a procedure to cause a crush lesion following a previously described experimental protocol. 10, 33, 34 Briefly, following incision of the skin between the knee and thigh, the sciatic nerve was carefully exposed and then crushed for 10 seconds with a forceps with a fine tip. The nerve was crushed at the sciatic notch point immediately distal from where it emerges from beneath the gluteus maximus muscle. The wound was closed by suturing the muscles and skin. Following the crush injury, we further excluded sensory nerve sprouts in the sciatic nerve using a previously described procedure. 31 Briefly, in addition to the sciatic nerve crush injury, a dorsal laminectomy was carried out. The L3-6 spinal roots were exposed under a surgical microscope, and the dorsal root ganglia of L3-6 were excised (Fig. 1) . For a negative control experiment for GAP-43 staining, the L3-6 dorsal root ganglia were excised from 5 mice without sciatic nerve crush injury. After surgery, the mice were kept on a heating pad for an hour to maintain their body temperature before being returned to their cage. The animals were allowed to survive for 3 or 7 days (n = 8 for each time point).
Perfusion and Tissue Processing
At the end of the postoperative survival period, the mice were deeply anesthetized with ketamine and xylazine and perfused intracardially with normal saline, followed by 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) (pH 7.4). A 1-mm-long sciatic nerve segment was dissected from a point 2 or 8 mm distal to the crush site at 3 or 7 days postinjury, respectively; it was immersion-fixed in the same fixative for 6 hours and then placed into 30% sucrose in 0.1-M PBS overnight. Transverse or longitudinal serial sections (10 μm thick) of the sciatic nerves were obtained using a Leica cryotome. The sections were then mounted on gelatin-coated microscope slides.
Immunocytochemistry
For single immunostaining of ChAT (1:800, Chemicon), standard immunofluorescence was performed on the sciatic nerve sections according to a procedure described previously. 32 Briefly, the sections were incubated with the primary antibody against ChAT in 0.1-M PBS (pH 7.4) containing 10% normal goat serum and 0.2% Triton X-100 overnight at room temperature. Following incubation in the primary antibody, antigens were visualized using Alexa 568-conjugated secondary antibody (1:800, Molecular Probes). Double immunofluorescence analysis was performed by sequential incubation in 2 primary antibodies. Briefly, the sections were incubated with antibody to ChAT and then the Alexa 568-conjugated secondary antibody. After being washed thoroughly, the sections were incubated with antibody to either neurofilament 200 (NF200) (1:3000, Chemicon International) or GAP-43 (1:500, Chemicon International) and then Alexa-488-conjugated secondary antibody (1:800, Molecular Probes). Finally, the sections on gelatin-coated glass slides were coverslipped in mounting medium (Dako) and fluorescent images were captured with a Zeiss microscope equipped with a SPOT digital camera (Diagnostic Instruments).
Results
Presence of ChAT-and non-ChAT-Immunostained Axons in Normal Sciatic Nerves
Double immunostaining for ChAT/NF200 ( Fig. 2A-C) showed mixed response in sections of normal sciatic nerve; some areas stained positive for ChAT (arrows in 2C ) and some did not (short arrows in Fig. 2C ), indicating that the sciatic nerve contains both motor and nonmotor (sensory) axons.
Detection of ChAT Immunostaining in Motor Axon Sprouts
ChAT immunostaining was detected in nonlesional sciatic nerve (Fig. 3A) . At Day 3 following the crush injury and 2 mm distal to the crush site, ChAT-positive staining of the newly formed axon sprouts was seen (Fig.  3B) . Similarly, at Day 7 following the crush injury and 8 mm distal to the crush site, ChAT-positive staining of the newly formed axon sprouts was observed (Fig. 3C) .
Co-Localization of ChAT and GAP-43 Expression in Motor Axon Sprouts
To evaluate whether the method is reliable for assessing the regeneration rate of motor fibers in the sciatic nerve, we compared the expression of ChAT and GAP- 43 by double immunostaining. ChAT was completely co-localized with GAP-43 in the crushed sciatic nerve in motor axon sprouts at the 2 examined time points of Day 3 and Day 7 after crush injury (Fig. 4A-C, D-F, Fig. 5A -C, D-F), indicating that ChAT can be transported into growth cones of motor sprouts as can GAP-43 even at the early stages of axon regeneration after nerve crush. The results of the negative control experiments for GAP-43 staining in the absence of the crush injury but in the presence of dorsal root ganglionectomy are shown in Fig. 6 .
Discussion
The most widely used model of peripheral nerve injury is sciatic nerve injury. 1, 11, [16] [17] [18] [19] [20] This model is useful for testing the efficacy of new therapies for accelerating and enhancing axon growth and regeneration after injury. When compared with other models of peripheral nerve injury, sciatic nerve crush has several advantages, including easy access to the sciatic nerve. However, the sciatic nerve is a mixed nerve, including both motor and sensory fibers. If adult sciatic nerve is injured, both motor and sensory injured neurons will regenerate their axons, and both will express GAP-43. 10, 14, 31 Thus, the use of GAP-43 immunostaining, which is usually used for evaluating axon outgrowth of optic nerve, 6, 9, 15, 25 is not suitable for specifically evaluating motor or sensory axon outgrowth in sciatic nerve. Spinal motor neurons use acetylcholine as their neurotransmitter, and ChAT, the enzyme that synthesizes acetylcholine, is now generally accepted as a definitive marker for normal spinal motor neurons and their axons. 4, 5, 24 However, previous studies have shown that ChAT protein expression is transiently reduced after axon injury. 7 So far, ChAT immunostaining has only been used for long-term assessment of motor axon regeneration following peripheral nerve injury, sometimes 60 days after such injury, when ChAT protein expression is fully recovered. 12 To evaluate whether ChAT immunostaining can be used to label motor axons for assessing the rate of motor axon outgrowth at the early stage of axon re- generation after peripheral nerve injury, we compared the expression of ChAT and GAP-43 staining in motor axon sprouts in sciatic nerve. We purified sciatic nerve by removing the dorsal root ganglia so as to exclude the input of GAP-43 from dorsal root ganglia into sensory nerve. Thus, all GAP-43-positive axon sprouts are motor neurons. We found that ChAT was totally colocalized with GAP-43 in motor axon sprouts, indicating that ChAT can be transported into nerve terminals, as can GAP-43. Thus, measuring the length of motor axon outgrowth by ChAT immunostaining is reliable.
Conclusions
This newly developed experimental method in our present study, which used ChAT staining to detect motor axon sprouts, provides a more convenient and reliable approach for evaluating motor axon outgrowth in a mixed nerve. It is anticipated that this protocol would be useful for evaluating the efficacy of a therapy for accelerating the rate of motor axon growth after peripheral nerve injury. 
